SvNorsis. The present paper is concerned mainly with studies from my laboratory on regeneration of the lizard's tail. Over the past five years my students and I have focused our attention on: (1) a careful description of the histology of tail regeneration; (2) the role of neural elements (nerve and ependyma) in the initiation of regeneration; (3) the role of the ependymal epithelium in the guidance of regenerating central fibeis: and (4) the development of techniques of tissue culture applicable to this system.
The purpose of this paper is to review some of the studies from my laboratory on regeneration of the lizard's tail. I shall summarize briefly those results that bear on general problems in vertebrate regeneration. At the same time emphasis will be placed on areas in which this particular system may prove advantageous in future studies. The bibliography is highly selective rather than encyclopedic in nature. Wherever possible I have cited key papers or review articles. To those authors who most certainly deserve citation but were not acknowledged, the author offers his apologies. The general features of tail regeneration in the two lizards that we have studied, Lygosoma laterale (Scincidae) and An olis carolinensis (Iguanidae), have been reported (Simpson, 1965; Cox, 1969r/) and will not be restated here.
ROLE OF THE NERVOUS SYSTEM"
The importance of the nervous sytcm in vertebrate regeneration is, by now, legion among students of regeneration. With the exception of the provocative experiments on aneurogenic Ambystoma limbs, initiated by Yntema (1959) and extended by Steen and Thornton (1963) and Thornton (this Symposium) , the regeneration of limbs and tails in vertebrates is dependent on the Various phases of the author's work reported herein were supported by Research Grant GM 12653 from the Division of General Medical Sciences, USPHS. The author holds a PHS Research Career Development Award CMI7, 102-02. presence of an adequate nerve supply (see reviews of Singer, 1952 and 1965) .
In amphibian limb regeneration, the relationship has been shown to be a quantitative one. Singer (1947) , demonstrated that a given threshold number of nerve fibers (expressed as number of fibers / (100 n)-cross-sectional tissue area) was necessary for regeneration of the Triturus forelimb. Singer, et al. (1967) have suggested that the relationship may be expressed more accurately in terms of total neuronal volume per (100 n) 2 . The influence of nerves would appear to be shared equally by axon and nerve cell body (Kamrin and Singer, 1959) .
Likewise, the role of the nervous system in amphibian tail regeneration has been documented (Goldfarb, 1909; Holtzer, 1959; Kiortsis and Droin, 1961) . In these cases, however, the precise role of the central and peripheral nervous systems has not been elucidated. The results of these studies suggested that the spinal cord was requisite for tail regeneration.
The regeneration of the lizard's tail has also been shown to be dependent on the presence of the spinal cord (Kamrin and Singer, 1955; Simpson, 1962) . In both cases, failure of lizard tails to regenerate after removing the spinal cord was interpreted to be due to a massive reduction of the nerve-fiber content of the tail. Experiments of this type only demonstrated that some portion of the spinal cord was essential.
Work with the brown skink, Lygosoma latemle, (Simpson 1964) suggested that the nerve-fiber threshold relationship probably did not hold for regeneration of the lizard's tail. Instead, it was suggested that the ependymal lining of the central canal of the spinal cord was responsible for initiating regeneration. Hughes and New (1959) had even earlier attached some importance to the very close association between the outgrowing ependymal tube and the wound epithelium during tail regeneration in Spluierodactyhis. Simpson (1964) was able to test the importance of ependymal epithelium vs. nerve. The experiment consisted of taking autografts of cartilage tube and ependyma from a regenerate and transplanting them into wounds prepared in the dorsum of the tail. This procedure takes advantage of the fact that the regenerated spinal cord of the lizard is a heteromorphic structure consisting of ependymal epithelium and descending central fibers. No nerve cell bodies are present. Therefore, removing a segment of the regenerated cord results in section of the descending central fibers and their degeneration within a period of four to five days. Grafts have been made in which the ependyma, along with the cartilage tube, were placed in dermal pockets for five days (allowing degeneration of nerve fibers) and then removed and placed in dorsal wounds in the tail. This procedure removes the possibility of some residual influence of the sectioned nerve fibers. The dorsal wounds were prepared in such a way that the spinal cord of the tail in this region was not injured. The results obtained were very clear-cut. Autografts of cartilage tube and ependyma resulted in a complete regenerate from the dorsum of the tail. Control grafts of cartilage tube alone never resulted in regenerates.
These experiments most certainly demonstrated that: (1) the nerve-fiber contribution from the spinal cord is not necessary for regeneration; and (2) that the ependyma was probably the important factor. However, assessment of the possible importance of peripheral nerve fibers was not made in these experiments. Recently, Cox (1969b) has investigated this problem in the lizard, Anolis. He found that the total number of peripheral nerve fibers per (100 p)-surface area in the normal tail was between 4.1 and 4.5. Removing dorsal root ganglia for three segments anterior to a given plane of autotomy reduced the peripheral count to an average of 0.31 to 0.34 fibers/ (100 M )
2 . This, however, did not inhibit regeneration. Ablation of the spinal cord for three segments anterior to the plane of autotomy only reduced the peripheral count to 2.8 fibers/ (100 ^) 2 and regeneration did not occur. Thus, reduction of the peripheral count to less that one fiber/ (100 jj)-does not alter regeneration. This, coupled with the fact that ependymal grafts in Anolis (without contribution from central fibers) can induce regenerates, clearly substantiates the role of the ependyma. This relationship may well hold for amphibian tail regeneration as well. Kiortsis and Droin (1961) have shown that spinal ganglia or brain tissue can not be substituted for spinal cord in regeneration of the tail of the European newt.
The mechanism of the ependymal influence is difficult to explain. Singer, (1952 Singer, ( , 1905 has suggested that the influence of nerves in regeneration is clue to the production of a 'trophic substance' by the cell body and its transmission via the axon to the tissues involved. This 'trophic substance' may be able to pass directly from the nerve into the surrounding tissue (Knmrin and Singer, 1959) . Since the ependymal epithelium represents (like nerve and glia) one of the end products of the embryonic neuroepithelium, it is not unreasonable to assume that the ependyma may be acting in the same way as nerves in other regenerating systems.
In this connection, grafts of ependyma have been made to amputated, normally non-regenerating limbs in the lizard, Lygosoma. Such implants resulted in the production of a blastema that expressed lim- (Fig. 1A) . Control implants of cartilage tube did not stimulate regeneration (Fig. IB) . These ependyma-induced outgrowths are as good if not better than the regenerates induced by nerve augmentation. There is unfortunately little chance for normal morphogenesis in the ependyma-induced regenerates. This is due to the fact that a cartilage tube always differentiates iix association with the outgrowing ependyma.
Making the assumption that the ependyma operates in the same "trophic" way as the nerves, then the studies on the lizard suggest that the hypothesized trophic substance may not be unique to cells specialized for conduction of impulses. This has been suggested earlier by Singer (1965) .
REGENERATION OF THE SPINAL CORD
Several conflicting descriptions of the regenerated lizard cord have appeared in the literature (Misuri, 1910; Hooker, 1912; Stefanelli, 1950) . These authors agreed that the regenerated cord was heteromor- phic and deficient in many respects. Although there was a consensus that an ependymal tube and a portion of the meninges regenerated, there was considerable divergence of opinion concerning the regeneration of descending central nerve fibers. Hooker (1912) described regenerated central fibers, and their presence was later confirmed using selective nerve stains (Kamrin and Singer, 1955; Simpson, 1964) .
We now have a more critical evaluation of the content and arrangement of the regenerated cord in the lizard, Anolis (Simpson, 1968; Egar, et al., 1969) . From these studies we now know that the regenerated cord of Anolis consists of: (1) ependymal epithelium separated from the surrounding meninges by a basement lamina; and (2) several thousand regenerated descending central fibers, the majority of which are unmyelinated (Fig. 2) This particular system also offers experimental advantages to workers interested in the ultrastructure and physiology of nerve growth cones. Just behind the advancing ependymal tip, one has the advancing tips (growth cones) of several thousand fibers. All of these fibers are oriented longitudinally, and the picture is uncomplicated by glia and extraneous nerve fibers.
One of the most interesting observations to come out of these studies centers on the relationship between the ependymal cells and the descending central nerve fibers that have regenerated from the old cord. During regeneration of the cord, the ependymal cells close over the severed end of the central canal and form a closed tube with a slightly dilated vesicle at the distal end. As regeneration proceeds, the ependymal tube extends into the forming tail regenerate. The ependymal cells send out long processes that overlap at the connective tissue interface. complexes at their luminal surface, large spaces are present between adjacent ependymal cell processes. It is into these spaces that the descending central fibers regenerate, (Egar, et al., 1970) . Thus, in the lizard, the regenerating ependymal tube serves as an effective guide for the regenerating central fibers.
Tt has been suggested that the same mechanism may well acount for the reestablishment of functional connections during regeneration of ablated portions of urodelan spinal cords (Simpson, 1968) . Preliminary studies from our laboratory have in fact shown that this same mechanism of ependymal fasciculation of regenerating central fibers occurs during regeneration of the cord following amputation of the tail of Triturus.
RESULTS OF POST-URANCHIAL ABLATION OF THE CORD
Previous studies have shown that regeneration of the spinal cord and return of function occurs in fish, salamanders, and larval anurans. Regeneration and functional recovery does not occur in birds and mammals (see review of Clemente, 1964) .
Since the descending central fibers of Anolis are regenerated during replacement of the tail, experiments were performed to determine if regeneration and return of function would occur following postbranchial ablation. These experiments are in progress at the present time and the results to date are preliminary. In five cases where a 2.0 mm segment of the spinal cord was removed at the level of the lower thoracic vertebrae, no functional recovery occurred during the four months that the animals were maintained. At four months post ablation, every animal exhibited a histological picture typical of that described for the non-regenerating mammalian cord. There had been little proliferation of the ependymal epithelium. The central canal had not established continuity, and a fibrocellular scar was interposed between the cut ends of the cord. Studies of Bodian-stained sections indicated that no major central nerve-fiber bundles crossed the ablation-gap.
For studies of regeneration of spinal cord per sc, the lizard system offers an unique opportunity. In the same animal:
(1) in one case (during tail regeneration) the ependyma proliferates and guides the regenerating central fibers; and (2) in another case (post-branchial levels) these processes do not occur. One would like to know what factors allow for regeneration of central fibers in one situation and are apparently absent in the other.
REGENERATION OF AXIAL MUSCLES
The question concerning the origin of cells that constitute the regenerate is largely unanswered. This is true whether one is talking about regeneration of limb in a salamander or regeneration of tail in the lizard. This is especially true in the case of muscle, since muscle of the stump is a complex tissue consisting of muscle fibers, connective tissue, and the so called 'satellite-cells' closely associated with the muscle fibers. From studies on urodelan limb regeneration (see reviews of Hay, 1966, and Goss, 1969) we know that the muscle of the stump undergoes changes leading to a loss of normal morphology. Do the multinucleate muscle fibers release viable cells during this process that can go on to proliferate and form the muscle of the regenerate? There are numerous precedents in the literature that indicate that this may be so (Thornton, 1938; Hay, 1962; Steen, 1968) . Does the muscle of the regenerate arise from multiplication of 'satellite-cells' or connective tissue cells of the endo-and perimysiuni? There are also indications in the literature that this may be the case (review of Betz, et al., 1966) . Indeed, the muscle of the regenerate may be derived from a number of sources within the amputated stump.
The relationship between the stump muscles and the muscle of the regenerate can be studied to some advantage in the Lygosorna tail regenerate. Due to the preformed planes of autotomy, separation of the lizard tail by autotomy does not injure the remaining stump muscles. Most of the connective tissue septum that forms the plane of autotomy remains attached to the stump muscles. During regeneration, there is some dissolution of the collagenous septum, and some of the fibrocytic cells within the fibrous matrix incorporate tritiated thymidine. However, the septum never completely breaks down and therefore provides a continuous line of demarcation between stump muscle and regenerate proper.
The stump muscles do not undergo any of the classical alterations normally associated with morphological (^differentiation of multinucleate striated muscle. None of the muscle cell nuclei has ever been seen to incorporate labeled thymidine. Thus, following autotomy in Lygosonm, the stump muscles maintain their integrity during the entire process of regeneration. These observations strongly suggest that there is no direct contribution of regenerative cells from mature skeletal muscle cells within the stump. From where does the muscle of the regenerate arise? The situation in the regenerated tail of the lizard certainly poses serious difficulties for the proponents of tissue-specific regeneration.
The same situation probably holds for regeneration of the tail in the lizard, AnoHs (Cox, 1969r/) . Here, the arrangement of the myotomes is somewhat different from that in Lygosoma. In Anolis the muscle slips are not injured by autotomy; however, several muscle slips project past the epidermis and are included in the clot that forms. The tips of a few of the muscle slips are therefore secondarily ablated. Cox, (I969fl) found that although a small number of muscle fibers undergo morphological ^differentiation, this is followed rapidly by repair of the injured segment. New myotubes formed and the connective tissue septum was reconstituted over the injured tip of the muscle slip. The repair was, histologically, very similar to that seen in: (1) muscle regeneration following crush injuries in mammals; and (2) regeneration following mincing in rats, (see Carlson, this Symposium). Thus, in Anolis the injured muscle is repaired and a septum reconstituted long before there is any differentiation of pro-muscle aggregates within the regenerate proper. When the muscle aggregates of the regenerate do form, they do so at some distance from the reconstituted muscle septum. This particular system allows one to study in the same animal, two separate modes of muscle regeneration that are spatially and temporally distinct.
Ts the non-participation of stump muscle unique to the lizard? Several pieces of information suggest that this is not so. First, if one amputates (rather than autotomizes) the lizard's tail, muscle is injured and does undergo the classical changes associated with ^differentiation. Secondly, Wake and Dresner (1968) , have demonstrated that certain salamanders have preformed planes of autotomy in their tails. Mufti, (1968) working in my laboratory has recently studied regeneration of the tail following autotomy in one of these salamanders, Desmognatliis f. fuscus. Thus far, he has shown that, just as in Lygosoina, when the muscles of the stump are not damaged they do not undergo ^differ-entiation during regeneration.
STUDIES IN VITRO
Tissue culture has made possible many experiments that in the whole embryo or organism would have been extremely difficult, if not impossible. Paradoxically, this technique was initiated in embryonic amphibian material (Harrison, 1907) , and yet adult amphibian cells have been quite refractory to manipulation in vitro.
The full advantages of in vitro techniques have, to date, been denied to students of vertebrate regeneration. Some progress in the art of culturing adult amphibian material has been made in recent years (Wolf, et al, 1960; Wolf and Quimby, 1964) . Most of the attempts to culture components of urodelan limb blastemas have achieved, at best, maintenance and limited outgrowth (Lecamp, 1957; Fimian, 1959; Stocum, 1968) . A considerable amount of regeneration has been obtained in organ-cultured larval tails of Xenopus (Weber, 1967) .
The application of standard techniques of tissue culture to the components of the lizard tail regenerate have been more rewarding (Simpson and Cox, 1967) . From the early tail regenerate one can now culture the wound epithelium, blastemal cells, promuscle, procartilage, and ependymal epithelium. These components can be dissociated into single-cell suspensions, plated, and subcultured as easily as embryonic chick or mammalian cells. Most, if not all of the cellular types can also be cloned. Even more encourgaing, in vitro differentiation of two types of cell (striated muscle and pigment cells) has been obtained.
The propagation and differentiation in vitro of the promuscle cells of the early regenerate has been studied in some detail (Cox, 1968) . Single-cell suspensions of promuscle cells could be plated at clonal densities and give rise to myoblastic colonies. Each colony passed through a cycle of proliferation, followed by fusion of myoblast to form striated muscle fibers. Of particular interest, on about day 8 or 9, certain cells within the colony assumed a rounded-up morphology. This change was progressive and by day 10 or 11, some 50-75% of the cells in a given colony had assumed this morphology. At this time if the growth medium was changed to a "fusion" medium, massive fusion followed within 24-48 hours. Cultures allowed to grow continuously in growth medium stretch out again onto the culture dish and fail to fuse. Some of these mononucleate cells develop cross striations.
Autoradiographic studies with labeled thymidine indicate that these rounded-up cells have either temporarily withdrawn from the cell cycle or have an extremely long Gl period. Short term (30 min) exposures to tritiated thymidine revealed that none of the rounded cells incorporated label, whereas the flattened cells within the colonies labeled heavily, (Cox, 1968) . Additional studies based on microspectrophotometric determinations have also demonstrated that the rounded cells represent a Gl population, (Cox and Simpson, 1970) . These results have been interpreted to mean that the rounded-up cells represent a postmitotic, prefusion population of cells. These data fit with the data obtained from studies on myogenesis in the chick (Marchock and Herrman, 1967; Bischoff and Holtzer, 1969) . The lizard system, however, has several experimental advantages: (1) there is a build-up of morphologically recognizable prefusion cells, with fusion (when elicited) occurring over a relatively short period of time; and (2) fusion can be controlled by using a selective culture medium.
The reaction of promuscle cells to longterm culture has also been explored. To date, three established cell lines have been derived. Cells in one of the lines have been carried at clonal or near clonal densities for approximately 400 generations. This line is predominantly diploid and is still capable of forming striated muscle. The other two lines represent deviate cell lines that have lost their ability to form skeletal muscle.
For many years, workers in the field of regeneration have wanted to label clonal populations of a particular cell type, introduce them back into a regenerating system and test their differentiative potential. The lizard system now provides an opportunity to do just this sort of experiment.
